Abstract
Introduction
Digital halftoning is a technology to display continuous tone images with white-back dots or multi-binary colors on bilevel display devices, such as laser printers, scanners, fax machines, liquid crystal displays and plasma pannels, etc. The technology is mainly applied in field of image printing industry. With the development of information technology, it is also widely used in 3D model processing, image compression coding, and other fields. The goal of halftoning is to reproduce continuous images by optimizing spatial distribution of binary pixels, so that the result of halftoning could meet the visual characteristics of human eyes.
Since the 1970s, the halftoning technique has become a popular research area for digital images scientists. Some classic algorithms were proposed, such as Bayer's ordered dithering algorithm [1] , Floyd and Steinberg's four-direction error diffusion algorithm [2] and Knuth's dot-diffusion algorithm [3] , and so on. These early algorithms set their focus on how to maintain the overall intensity in halftone images is consistent of original continuous images. However, these algorithms inevitably bring some disturbances or noticeable artifacts in halftone images, such as directional hysteresis, correlated artifacts and transient behavior, which are unnatural and irregular for the human visual system.
In order to alleviate artifacts distortions in halftone images, Mitchell [4] firstly applied spectral analysis to measure the quality of halftone images. The ideal Fourier spectra of halftone images of constant intensity or gray level should be as close as bluenoise. Ostromoukhov [5] designed another algorithm using variable-coefficient to generate halftone images. For each density level, the algorithm uses an optimal coefficient to produce the most minimization total error term between its achieved Fourier spectrum and the blue-noise spectra. Ostromoukhov's work improved visual pleasantness in highlight and dark areas in halftone images, but some anomalies artifacts still exist in the midtone zones. Zhou [6] designed another algorithm using threshold adjustment coeffiicients to remove the visual artifacts presented in Ostromoukhov's algorithm. Zhou modulated the threshold by adding a random perturbation to its original fixed threshold value, which was often used in existing algorithms. Since then, the error diffusion algorithms with the blue-noise spectral characteristics were almost perfect. However, halftoning with blue noise properties can conquer common visual artifacts, it may over-blur texture details in the original images. Thus, researchers shift their focus on representing the edges and textures of original images.
At first, researchers considered how to enhance edge details. Eschbach and Knox [7] improved the basic error diffusion mechanism by modulating the thresholding process with edge response. However, since the modulation was applied uniformly over the whole image, low-frequency regions were obviously affected. Hwang et al [8] improved the above method by considering spatial information. However, their method may sometimes blur the edges. Li [9] proposed to explicitly extract a binary edge map to guide the error diffusion process. Kwak et al [10] improved edge enhancement by considering both the local averaged luminance and its variation to produce the variance visual modulation threshold. Li's and Kwak et al's algorithms have shown some remarkable results, but both the algorithms are constructed in the framework of Floyd and Steinberg's error diffusion method. As a result, they can't keep the ideal blue noise spectrum properties, i.e. achieved halftone images can't meet the low-pass filtering properties of human vision. Pang [11] broke through from just considering edge enhancement of original images, they extended the halftoning algorithms to show continuous images with texture and structural details. Pang presented an optimization process, which at same time preserves structure and tone similarities between original images and halftone images. Pang's algorithm was based on the structural similarity index measure [13] and optimized by an objective function considering both the tone and the texture. But it arbitrarily swapped a pair of black and white pixels and iterated uncertain times. Although Pang's algorithm can generate high quality halftone images, it is time-consuming.
In the light of Ostromoukhov's algorithm, in this paper we propose an improved algorithm for dynamically producing variable adjustment thresholds according to local average brightness and spatial visual variance around each pixel. Our improved algorithm not only has the ideal blue noise characteristics, but also appears better details of texture and structure, edge enhancement as well. Besides, Compared with Pang's algorithm, our method can obtain clear texture structure with lower time complexity.
Rapid structure-aware error diffusion
Images are made up by different intensities and details of structure, for example, texture are indispensable part in continuous tone images. In order to show clear texture in halftone images, we reflect luminance variance around each pixel to the process of generating related white-back dot. For each pixel, we calculate the information of texture feedback (ITF) and use it to adjust fixed threshold. In addition, to comply with the characteristics of ideal blue noise spectral characteristics, we also build our algorithm in the framework of Ostromoukhov algorithm.
Ostromoukhov algorithm
Ostromoukhov [5] designed 256 error diffusion coefficients in his algorithm for each intensity level. Fourier spectra of selected key intensity levels are close to the ideal blue-noise spectra. The continuity of the algorithm behavior across the full range of intensity levels is achieved by smoothly interpolation between the distribution coefficients corresponding to neighboring key levels. So that the obtained halftone images are in line with human eyes low-pass filtering properties. This method is as simple as Floyd-Steinberg error diffusion algorithm, but with serpentine processing path and three directions distribution coefficients to decrease execution speed. Ostromoukhov computed the minimization cost function to meet the ideal blue noise spectrum. The simplicity of the methods not only save time but also produced higher quality results. In addition, Ostromoukhov method produces certain distribution coefficients only one time, then all distribution coefficients can be used in various halftone images. So, the whole algorithm is simple and efficient.
Information of texture feedback
Error diffusion process is also the process of generating bilevel-tone images. In order to show details of edge and texture, we consider both the averaged luminance and the luminance variance of local area characteristics. The edge-enhanced error diffusion proposed by Kwak [10] only focuses on details of edge, we extend it to show details of texture.
First, the average of luminance around each pixel with size of 3 × 3 pixel neighborhood is computed. One can choose bigger or smaller neighboring region, but that will affect the final clarity of texture and the execution speed of whole algorithm. The size of 3 × 3 region is selected by considering both of these two aspects. It's done as follows:
Second, based on the surrounding eight-direction luminance variance of current pixel x(i, j), we estimate the difference between each pixel and the local average and call it the visual perception error. Using the visual error, we define the spatial variation V (i, j) of current pixel. Because human vision perceives better according to horizontal and vertical directions than diagonal ones, the ratio of the diagonal value to the horizontal and vertical values is 1: √ 2. The variation can be weighted by w(k, l), which is a weighting matrix for horizontal, vertical and diagonal directions. The ratio mentioned above is normalized: 0.1465 for horizontal and vertical directions, and 0.1035 for the diagonal direction. This step can be expressed as:
Third, spatial activity measure M (i, j) is defined as the value of the spatial variation multiplied by the visual perception error.
The last step is to get the information of texture feedback (ITF). The main part of it is the multiplication of the local average brightness and the spatial activity measure. The ITF is produced for showing more fine texture structure, so it's necessary to use a coefficient to adjust the product above. After testing a number of images, an experience value of the ideal adjustment is 0.013. Thus, the value of ITF is evaluated by:
Each pixel has its corresponding information of texture feedback. Three factors, the local average brightness, the spatial variation and the human vision perception are considered to adjust the fixed threshold. From the above solution process, we can see if the current pixel is equal to the local luminance average, it is meaning that the current pixel surrounding area is relatively flat, so that the adjustment of threshold is zero. When the current pixel has bigger luminance than the local luminance average, the signed of M (i, j) is positive. The other situation, the current pixel is smaller than the local luminance average, the value of M (i, j) is negative. The two latter cases mean it is necessary to adjust fixed threshold to draw the halftone images more closely to original texture. In essence, the proposed algorithm is based on images' local spatial distribution feature to produce the modulation of threshold for each pixel with conform to human visual sensitivity system.
Rapid error diffusion using ITF
The basic steps of our improved algorithm based on Ostromoukhov's error-diffusion halftoning can be stated as follows:
Step 1: in accordance with the serpentine scan path, the error-diffusion process is started from the first pixel, from left to right, next row, from right to left, in the whole, from top to down.
Step 2: when scanning each pixel, we calculate its ITF value before distributing its error to its surrounding pixels. The ITF values of the first and the last rows are zero, so are the first and the last columns. From the second row and column, we get their ITF values according to the description of Section 2.2.
Step 3: for each pixel, we get its cumulative value of error diffusion based on Ostromoukhov's algorithm. However, the cumulative value needs to add its ITF value. Then, the sum is compared with fixed threshold (127.5), when the error is positive, print white, otherwise print black.
Step 4: we iteratively cope with each pixel of continuous tone image followed by step 2 and step 3, until all pixels are treated.
Zhou [6] also applied threshold modulation to improve the quality in the mid-tones of halftone images. They adjusted threshold to remove the visual artifacts or transient effects, which exist in Ostromoukhov's error-diffusion algorithm. In their method, the threshold function is calculated using a white random number generator, which is applied to Ostromoukhov's algorithm. After obtaining diffusion coefficients, the modulation strength m(i) between 0.0 and 1.0 is finetuned manually and then finalized into their optimal parameter set. It is emphasis on that the optimal target is to obtain the symmetrical frequency spectrum, which is as close as possible to the "ideal frequency spectrum". Zhou designed the cost function including the sum of two parts, the first part measures the symmetry of the spectrum and the second part measures the similarity of the spectrum to "ideal frequency spectrum". Through these elevations, this method achieved to search for the most suitable coefficients of error-diffusion filter. Their obtained halftone images is an artifact-free halftoning in the full range of intensities. So, we also apply our ITF value to Zhou method. The improved Zhou method by ITF is almost the same as the above description, except for using Zhou's error-diffusion coefficients.
In our halftoning process of texture-enhancment, computing pixels ITF values and distributing errors are carried out simultaneously, it obviously reduces time complexity compared with Pang' algorithm [11] . In addition, we need to emphasize that each pixels ITF value is based on the original images, make sure to obtain ITF information higher similarity to the continuous images.
Experiment, results and analysis
To verify the performance of our improved method, we choose two test images with fine texture and complex structure ( Fig.1 and Fig.2) . First of all, we implement our improved algorithm in Visual C++ environment, then measure qualities of the obtained halftone images in Matlab 7.0 environment. Three At present, three indicators are selected for evaluating the quality of halftone images: peak signal to noise ratio (PSNR), universal image quality index (UIQI) [12] and structural similarity index measure (SSIM) [13] . First of all, PSNR evaluates the preservation of image intensity, it inspects tone consistency. The PSNR of halftone images produced by three methods are tabulated in Tab.1. Secondly, UIQI intends to evaluate the overall similarity to original images including brightness, contrast and auto-correlation. Tab.2 shows the contrast of UIQI about three algorithms. The last parameter, SSIM measures structure and details preservation. Tab.3 tells us SSIM of two improved methods by ITF are obviously higher than unimproved methods'. In order to prove the effectiveness of our ITF-improving, these three tables contain four images, and the data of two latter columns about images called In addition, from visual sense, we can observe the obtained halftone images. We tested two grayscale images called Band and Lena, which contain more edges and texture details. Fig.3 shows on the contrast of three methords.
We can clearly see that using ITF on error-diffusion halftone algorithms to modulate threshold meet the requirements of showing texture and structure details.
Conclusion
In this paper, we present a simple and effective improved error diffusion algorithm to maintain texture details. When distributing error value for every pixel, we adjust fixed threshold at spatial location according to the current pixel local information of texture feedback. The process of error diffusion is also the process of texture enhancement. Without increasing the time complexity contrasted to Ostromoukhov algorithm, the improved algorithm is better to represent edge and texture details in halftone images. However, compared with the existing edge enhancement algorithms, our algorithm has no stronger edge or over-blur texture details, and shows more natural vision. At the end, contrasted to Pang's algorithm, our method is much rapid and efficient with closing to their structure-aware results. In the future, research work will mainly aim at improving clearer texture and structure.
